Penicillin-induced filaments of Proteus vulgaris P 18 had a seemingly unaltered cell envelope. Lysozyme, however, reduced the wall part of these filaments into a three-layered structure and caused transformation into spheroplasts. Although cross walls and membrane septa were absent in the filaments, most of the lysozyme-induced spheroplasts remained attached to each other.
Penicillin-induced filaments of Proteus vulgaris P 18 had a seemingly unaltered cell envelope. Lysozyme, however, reduced the wall part of these filaments into a three-layered structure and caused transformation into spheroplasts. Although cross walls and membrane septa were absent in the filaments, most of the lysozyme-induced spheroplasts remained attached to each other.
Growth of gram-negative bacteria in the presence of low-dose levels of penicillin causes their transformation into filaments. Electron microscopy and chemical studies showed that the morphology of the cell envelopes (6) and the primary structure of the wall peptidoglycan of filamentous Proteus vulgaris P 18 (10) were, to all appearances, identical to those of normal cells (1) . The only change noted was an increase in the total lipid content to the cell wall (6) . Hen egg white lysozyme, however, which had no action on normal cells of P. vulgaris P 18, was found to drastically modify the envelope of the corresponding filaments. The goal of this paper was to describe and to explain these alterations.
MATERIALS AND METHODS
Growth conditions. Cells (either normal or filamentous) were grown at 37 C in 100-ml flasks containing 50 ml of nutrient broth (standard I Merck medium) with shaking and strong aeration. Filamentation was induced by adding benzylpenicillin to the medium at a final concentration of 0.5 U/ml. Lysozyme treatment. Washed cells (either normal or filamentous), harvested at an optical density (690 nm) of 0.4, were incubated at 37 C in 0.1 M sodium phosphate buffer, pH 6.2, containing hen egg white lysozyme (EC 3.2.1.17) (0.1 mg/ml) and sucrose (10% wt/vol). Antisera. 0 antisera were prepared by injecting heat-killed or alcohol-treated cells of P. vulgaris P 18 to rabbits as described previously (9) . Titers and specificity were determined by agglutination. The antisera were heated for 1 h at 56 C before utilization.
Fluorescent 0 antibodies were prepared as follows: O antisera were added with (NH4)2S04 up to 50% saturation and the precipitated gamma globulins were treated with fluorescein isothiocyanate according to the technique of Cochrane (3). Detection of the newly synthetized wall during growth of 0 antiserum-labeled cells. 0 antiserumlabeled cells were allowed to grow and samples were removed at regular time intervals. Newly synthetized wall antigens were revealed with fluorescent 0 antibodies (direct method), whereas the old wall antigens that had been labeled with 0 antibodies before growth were revealed with the peroxidase-conjugated IgG fraction goat anti-rabbit IgG (indirect method).
Smears were prepared, and after reaction with the fluorescent antibodies (5), the slides were mounted in buffered glycerol and examined under immersion with a Zeiss photomicroscope. The ultraviolet light source was a HBO 200 W mercury vapor lamp. The light was passed through an exciter filter BG 12 and a barrier filter K 530. Photographs were taken on Kodak Tri X Pan films, exposed for 35 s, and developed in Microdol X.
Smears were also prepared and treated for 1 h with the peroxydase IgG fraction goat anti-rabbit IgG (2). The peroxydase activity was then revealed with 3,3'-diaminobenzidin (8) according to the method of Avrameas (1) .
Microscopy. The cells were examined and photographed with a Zeiss phase contrast microscope without prior treatment.
Fixation, embedding, and sectioning for electron microscopy were carried out as previously described (7) . The cell suspension was mixed with an equal volume of 5% (vol/vol) glutaraldehyde solution in 0.5 FLECK, MARTIN, AND MOCK 0.075 M phosphate buffer, pH 6.0 or 7.2, and postfixed for 1 h in osmic acid. Samples were dehydrated in an alcohol series and embedded in Epon. Thin sections (using an LKB ultra-microtome) were poststained with uranylacetate and lead citrate. Micrographs (using a Philips EM 300 electron microscope) were developed on Kodak G 3 paper. Measurements of the thickness of the cell wall and of the cytoplasmic membrane were made directly on the print at different magnifications with a micrometric scale.
RESULTS
Morphology of penicillin-induced filaments. When grown in the presence of 0.5 U of benzylpenicillin per ml, P. vulgaris P 18 underwent transformation into flexuous filaments about 80 zm long and 0.5 ,m wide. These filaments were single, long cells (Fig. 1) surrounded by a typical cell envelope composed of a five-layered wall (30 to 32 nm thick; Fig. 2 ). Contrary to what had been observed with normal cells (6) , however, the multilayered structure of the filaments was directly observed without prior heat treatment. Filaments maintained in boiling water for 3 or 5 min appeared as empty, long tubes exhibiting distinct wall and plasma membrane structures (Fig. 3) . Examination of fresh and heated filaments failed to reveal the occurrence of septum constriction and intracellular membranes ( Fig. 1 and 3) .
Growth of filaments. Filaments labeled with 0 antiserum in the early logarithmic phase (see above) were grown in a fresh medium containing 0.5 U of benzylpenicillin per ml for 30 min. three-layered structure as found in typical spheroplasts (Fig. 8) .
0 antiserum-labeled filaments were also treated with lysozyme. The spherical bodies of the "pearl necklace-like" structures reacted with the peroxydase-labeled antiserum (old walls; Fig. 9 ). The connections between the "pearl necklace-like" structures, however, were stained with fluorescent 0 antibodies (walls freshly synthesized).
DISCUSSION
As observed previously, low concentrations of benzylpenicillin stopped cell septation and division in P. vulgaris P 18 and caused its transformation into filaments without, seemingly, altering the morphology and the structure of the cell envelope. Lysozyme, which had no action on normal Proteus cells, appeared to permeate the cell envelope of the penicillin-induced filaments and to dissolve the innermost layer of the cell wall (i.e., the peptidoglycan). The barrier to this enzyme is removed under the action of penicillin. As a consequence, the five-layered with peroxydase-labeled antibodies (Fig. 5) . Both techniques showed that wall (and therefore cell) elongation proceeded through the insertion of new segments exhibiting the same size as that of the filament.
Action of lysozyme on filaments. Lysozyme neither caused a decrease of the optical density of a suspension of normal P. vulgaris P 18 nor was the structure of its cell envelope modified. In marked contrast, lysozyme clarified suspensions of penicillin-induced filaments up to 40% of their original turbidity values, and concomitantly caused their transformation into spheroplast-like bodies. Most of the spheroplasts, however, remained attached to each other, presenting the appearance of "pearl necklacelike" structures (Fig. 6) . As a consequence of lysozyme treatment, the wall part of the cell envelope was reduced to a three-layered structure, 19 to 22 nm thick, and hence consisted of a single, outer membrane unit (Fig. 7) . The outer membrane was relaxed and distended and it was separated from the inner membrane over extensive areas. Occasionaly some cells remained rod shaped, although their wall was a wall was reduced to a three-layered structure which consisted of the outer-membrane, i.e., De Petris' Li and L2 layers (4) , and the filaments underwent transformation into spheroplasts. Most of the spheroplasts thus formed remained linked together forming typical "pearl necklacelike" structures. This observation was unexpected since cross walls and membrane septa were completely absent in the penicillininduced filaments. Zones exhibiting differences with respect to lysozyme sensitivity thus occurred along the cell envelope of these filaments, suggesting that preferential regions for penicillin action probably exist in the sensitive cells.
